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Abstract 
Introduction. Data on the occurrence of initial failures obtained through testing on standard samples cannot always be 


extrapolated to real welded joints and structures. This is due to the difference between the concentrators in the joints, 
because after welding there is a significant structural and mechanical heterogeneity of the heat-affected and stress 
concentrator zone. Extended, deep concentrators are considered as crack-like defects, at whose vertices a volumetric, 
multiaxial stress state is formed. The paper addresses the issue of constructing critical diagrams of the onset of the 
limiting state at the concentrator vertex, which depends on the level of external load and the theoretical concentration 
coefficient. 

Materials and Methods. Analytical methods were used to study the stress state. The literature on the topic was 
analyzed. The features of proven physical models and patterns of behavior of materials were taken into account. The 
characteristics of steel alloys were taken from open sources and summarized in a tabulated form. Nonlinear equations 
were solved in MATLAB applications. The diagrams constructed by the authors enable to track the correlation of the 
dangerous level of the theoretical stress concentration factor and the level of external load. Curve Fitting Toolbox 
MATLAB was used to design the graphic part of the work. 

Results. The characteristic of damage from stress concentrators in welded joints was given. The crack propagation in 
the fusion zone was shown. The conditions stimulating and inhibiting destruction were indicated. The theoretical stress 
concentration factor a; was specified. It was shown how this indicator depended on the width, the height of the seam 
and the thickness of the welded part. Acute stress concentrators with theoretical concentration factor a, = 5...14 and 
more were studied. For this case, an approximating formula was given that took into account the maximum stress in the 
concentrator in the first half cycle, the initial deformation, and the load ratio. Through those elements, an indicator of an 
increase in maximum stresses was set depending on the number of loading cycles. The flow condition, the stress state, 
and the overvoltage factor, which took into account the increase in the first principal voltage for a combined stress state, 
were analytically shown. A model of the critical state at the apex of an acute stress macro concentrator was described. It 
was presented as the dependence of the relative stresses of the initiation of destruction 62°/o)2 on the concentrator. 
Possible variations of this model were analyzed. The dependences of relative values o2°/o9 2 on the theoretical 


concentration factor a? = 


a; were presented. To check the physical adequacy of this model, graphs were constructed 
that reflected changes in the relative stress of the external load at a critical state at the stress concentrator apex. The 
inevitability of bifurcation as a result of the studied processes was validated. Two directions of further development of events 
were indicated: brittle destruction and loss of stability of the stressed state with the transition to an increase in plastic 


deformations. The moment of bifurcation was defined as a critical state in the focus of the concentrator. 
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Discussion and Conclusion. The analysis and calculations performed within the framework of the presented scientific work 
enabled, in particular, to draw conclusions about the role of key factors of the processes under study. It was established, for 
example, that the operation of a steel alloy at a high theoretical stress concentration factor depended on the characteristics of 
the stress state. In a rigid state, it was possible to inhibit shear deformation and the onset of the limiting state at a lower value 
of the theoretical stress concentration factor. With the usual strength of steel (in comparison to high), a greater impact of the 
volume of the stress state on the value of the theoretical stress concentration factor was recorded. The probability of failure 
depended on the resistance of the material to the growth of a macrocrack. In future research, it is possible to refine analytical 


models and results, evaluate effective stress concentration factors. 


Keywords: welded joint, theoretical concentration factor, defects of welded joints, volumetric stress state, stress 


concentration, yield strength, macrocrack. 
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AHHOTalna 

Beedenue. Jjanupie 0 BO3HHKHOBCHMH HayaJIbHbIX pa3pyUIeHHii, MOMyYeHHbIe MCUbITaHHAMH Ha CTaHJapTHBIX 
oOpa3lax, He BCera MOXKHO SKCTpalloMpOBaTb Ha peasiIbHble CBapHble COCAMHCHHA HW KOHCTpyKUMH. ITO obycOBIeHO 
OTJIMYHAMH KOHIWCHTPaTOPOB B COCAMHEHHAX, T. K. WOCIe CBaPKH BOSHHKaeT 3HadHTeIbHad CTpyKTypHO-MexaHHyeckar 
HEOJHOPOAHOCTh 30HbI TePMHMYeCKOrO BIMAHHA WM KOHICHTpaTopoB HalipmKeHuli. IIpotaxenupie, rryOoKue 
KOHI[CHTpaTOpbl pacCMaTpUBaIOTCA KaK TPeLIMHOMOAOOHbIe WedeKTbI, B BeEPWIMHaX KOTOPbIX OOpa3yeTca OOBeEMHOE, 
CIO%KHOe HallpwKeHHOe cocTosHHe. PemlaeTca BOIpOc NOCTpoeHHA KPpUTM4YeCKUX WMarpaMM Hayasia BOZ3HUKHOBCHHA 
TipefesbHOrO COCTOAHHA B BepIHHe KOHUeHTpaTopa, KOTOpoe 3aBHCHT OT YyPpOBHA BHeIHel Harpy3KH U 
TeopeTHYecKOrO KOIPPUUHeEHTa KOHMCHTpalHH. 

Mamepuanvi u memoooi. J\na uccheyqoBaHva HallpsKeHHOTO COCTOAHMA 3a{eMCTBOBaIM aHasIMTHYeCKHe MeTOJBI. 
IIpoananu3supoBaHa IMTepaTypa moO Teme. YuTeHbI OCOOeHHOCTH MpoOBepeHHbIX (v3H4eCKHX MOJeeH MU 
3aKOHOMEPHOCTH MOBeeCHHA MaTepHalloB. XapaKTepHCTHKM CIIaBOB CTaJIM B3ATbI M3 OTKPbITbIX HCTOUHHKOB HU 
oOoOmjeHbI B Bue TabsuUbI. HermHerHble ypaBHeHHA peach B IpHkKaqHbIxX WporpamMax Matlab. Hoctpoenupre 
aBTOpaMH JMarpaMMbl MO3BOJAIOT OTCIICIHUTb KOppeAMIO OMacHOro ypoOBHA TeopeTHYecKoro KoopPunneHta 
KOHI[CHTpalMH HallpsKeHHu WM YypOBHA BHelwHei Harpy3KH. [na odopmieHua rpadbuyeckoi actu padoTsl 
ucnomb30BaH Curve Fitting Toolbox Matlab. 

Pezyismamoi ucciedosanua. Jlana xapakTepucTHKa pa3pyWIeHHii OT KOHUeHTpaTopoB HalipmKeHuii B CBapHBIX 
coeqMHeHuax. HariaqHo 10Ka3aHO pa3BHTHe TpelHH B 30HE CIaBIeHHa. YKa3aHbl YCNOBMA, CTHMyIMpyroulve U 
TOpMO3AlHe paspyuieHve. OnpeyereH TeopeTuyeckHi KoIPPHUMeHT KOHUeHTpalun HanpwKeHHu ar. IloKa3aHo, 
KaKHM OOpa30M laHHbI WOKa3aTeIb 3aBHCHT OT WIMPHHbI, BbICOTBI WIBa HM OT TOJUIMHbI CBapHBaeMOM jeTasMU. 
PaccMOTpeHbI OCTpble KOHI[CHTpaTOphI Hallps.KeHUM C TeopeTHYeCKHM KOIPUUMeEHTOM KOHIeHTpayHH a, = 5...14 1 


Oosree. Jina 9TOTO Cirydat UpHBOAHTCA allipoOKCHMupyroular cbopmyzia, KOTOpadA YU4HTbIBACT MaKCHMasIbHOoe 
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HallpsKeHHe B KOHIeCHTpaTope B HepBOM NOYyUMKIe, HCXOAHY!IO WedopMalHio U KOIPPuUNeEHT acHMMeTPHH WMKIA 
HarpyxeHnua. Uepe3 3TH 3JIEMeHTHI 3a{aeTCA MOKa3aTeJIb MOBbIMICHHA MAKCHMAJIBHBIX Hallps.KeHHM B 3ABHCHMOCTH OT 
YMClla UMKIOB HarpyxKeHua. AHaIMTHYeCKH MOKa3aHbl YCIOBHe TeKYYeCTH, HallpmKeHHOe COcTOAHHe u KoapPuynHeHT 
TlepeHalpwKeHHA, YUYHTbIBAIOWIMH WOBbIMIeHHe WepBoro TaBHOrO HallpsKeHHA AIA CiOXKHOTO HaliIps»KeHHOTO 
cocTosHHa. OnvcaHa MOJelIb KPHTHYCCKOLO COCTOAHHA B BEPIUHHe OCTPOrO MaKpOKOHIeHTpaTopa HallpsKeHHH. Ona 
TIpeycTaByleHa Kak 3aBMCMMOCTb OTHOCHTEJIBHBIX HallpwKeHUi 3apoxKeHHA paspyuleHuA Of°/092 OT KOHLeHTpaTopa. 
II[poaHanu3upoBaHbI BO3MOXKHbIe BapHaluu sTOM MoyemH. IpeyctaBeHbl 3aBHCHMOCTH OTHOCHTCJIbHBIX 3HAa4eHH 
of /0o,2 OT TeopeTH4eckoro Koop puyHeHta KOHYeHTpayun af = ar. La mposepKu duswyeckot ayeKBaTHocTu 
aHHOM MOjleIH MOCTpoeHbI rpatbHKH, KOTOpbIe OTPaxKalOT W3MCHEHHA OTHOCHTeIbHOTO HalipsKeHHA BHeLIHEeL 
Harpy3KH IIpH KPHTHYeCCKOM COCTOAHHM B BepIHHe KOHI[eCHTpaTopa HalipsxKeHHi. OOocHoBaHa HeH30e%xKHOCTb 
Oudypkalluu Kak pe3yIbTaTa UCcueAyeMbIx MpoweccoB. Yka3aHb! Ba HallpaBeHHA WaIbHelWero pasBuTHA COOBITHH: 
xpylkoe pa3pyllieHve HW MOTepA yCTOM4YMBOCTH HalipsxKeHHOTO COCTOAHHA C THepexOOM K pocTy mlacTH4ecKHx 
epopmanni. Moment Oudypkalnu onmpeyesieH Kak KPHTHYeCKOe COCTOAHHE B OUare KOHICHTpaTopa. 

O6cystcdenue u 3aKiio4uenua. AHaiu3 M pac4eTbl, BBIMIOJHeHHbIe B paMKax IpejcTaBIeHHOM Hay4HoH padoTHEt, 
MO3BOJIMJIM, B YaCTHOCTH, CileaTb BbIBOALI O POM KIIOYEBLIX (PaKTOPOB MCceyeMbIxX poweccoB. YcTaHoBJIeHoO, 
HallpHMep, 4TO padoTa cilaBa CTaIM IPH BbICOKOM TeOpeTHYeCKOM KOSPPHUMEHTe KOHUeCHTpalMu Hanps9KeHHH 
3aBMCHT OT XapaKTepHCTHK HallpsKeHHOTO cocTosHHA. II[pu x%XeCTKOM COCTOAHHM BO3MOX%KHO CiepoxKMBaHHe CABHTOBOM 
esopMalwu MW HacTyMieHHe MpeyeubHOrO COCTOAHHA Mp MeHBbUIeM 3HayeHHH TeopeTH4ecKoro KoIdpPuuNeHTa 
KOHI[eHTpalwHu HanpsKeHH. [Ip oObraHolt MmpouHOcTH cTalIH (B CpaBHeHHH C BbICOKOM) PuKcupyeTca Oobiee 
BIIMAHHe OOBEMHOCTH HallpwKeHHOTO COCTOAHMA Ha 3Ha4eHHe TeopeTMYecKoro KospPuuMeHTa KOHWeHTpalHu 
HallpwKeHHH. BepoaTHOCTb pa3pyWIeHHA 3aBHCHT OT CONPOTHBIAeMOCTH MaTepHalla pocTy MakpoTpelHHBl. B 
OyHYUIMX U3bICKaHHAX BO3MO2%KHO YTOYHeHHe aHasIMTHUeCKHX MOJeNel MU pe3yIbTAaTOB, OWjeHKa 93pdeKTHBHBIX 


KoIPPUUMEHTOB KOHUCHTpalHn HalpsKeHHH. 


KsoyeBbie CaOBa: cBapHoe coeqMHeHHe, TeopeTHYecKHH KoopPPUUMeCHT KOHLCHTpaluu, edeKTbI CBapHbIxX 


coeMHeHHH, o0beMHOE Halips»KCHHOS COCTOAHHE, KOHUCHTpalnA Halips»KeHni, TipewqeI TeKyyecTH, MakpOTpel{HHa. 


Baarogapuoctn. ABToppl BbIpaxkaloT MIpH3HaTeIbHOCTb COTPYAHHKaM JellapTaMeHTa MOpPCKOM TEXHUKH MH TpaHciopTa 
JIB®Y 3a KOHCYIbTaTHBHYIO TOMO. B pa3spaOoTKe TeMBI, a TaKXKe PCL|CH3CHTAaM 3a LCHHbIe 3aMe4aHHA 110 CTpyKType 


pykonucn. 


Aisa uuTHpoBanua. Monoxos K.A., Hopuxos B.B., Jabane3 M. OneHka MosBIeHHuA HadasIbHbIX pa3pyIIeHHi OT 
KOHICHTpaTOpOB HalipsKeHH B CBAPHBIX COCAMHEHUAX HM 3JIEMeHTaX KOHCTpyKuMi. Advanced Engineering Research 
(Rostov-on-Don). 2023;23(1):41—54. https://doi.org/10.23947/2687-1653-2023-23-1-41-54 


Introduction. Static and fatigue strength is reduced due to defects in welded joints. These can be: 
— cracks formed during or after welding; 


— stress concentrators (undercuts, incomplete fusion, pores, welding craters, high rippling, abrupt change in the 
shape of the weld, rolls, etc.) 

In the latter case, the determining factors will be: 

— shape, size of the concentrator and the position in the welded joint; 

— stress state indicator at the top [1]. 

Under cyclic loads, cracks often occur and develop in welded joints, provoked by stress concentrators [2]. The risk 
also depends on how close the stress state of the welded joint with the concentrator is to the occurrence of a macrocrack 
and its spread at operating o,, and cyclic loads o_,. Obviously, the latter depends significantly on the size, shape of the 
macrodefect and the stress state at its top. For example, an oblong and narrow macro stress concentrator is more 
dangerous than a rounded one. Probably, a crack is immediately formed at its top, and together with it, the initial 


concentrator will represent one long macrocrack [3]. The size of such a “total” macrocrack may be critical, which will 
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reduce the static strength [4]. It depends on its length and mechanical characteristics of the material at the top of the 
initial concentrator. 

The study objective is to develop an analytical model for assessing the dangerous level of stress concentration. The 
case in hand is about the formation of a crack in the top of the concentrator, a sharp decrease in the bearing capacity of 
welded joints and structural parts. 

Materials and Methods. Scientific research within the framework of the stated topic was based on known physical 
models and patterns of behavior of materials. The theoretical and applied literature was analyzed. Illustrative and 
reference materials were extracted from the sources. 

The stress state was studied by analytical methods. The relationship between the rigidity of the stress state and the 
value of the theoretical stress concentration factor was established. The results were presented in the form of diagrams. 
This visualization method made it possible to track the correlation of the dangerous level of external load and the 
theoretical stress concentration factor. 

To check the results of calculations based on the physical adequacy of the authors’ model, dependency graphs for 
the critical state were constructed. The paper used information about widespread structural steels of ferrite-perlite class 
in the state of delivery (steel 10, 22K, 50, St3sp, 37KHN3A, 30KHGSA, etc.). Their mechanical characteristics were 


obtained from open sources! and summarized in Table 1. The data was visualized in the Curve Fitting Toolbox 


MATLAB. 
Table 1 
Characteristics of steels 

Steel grade 0;, MPa 0,, MPa m Ox 
10 320 190 0.17 0.73 
15G 410 245 0.148 0.55 
St3sp 450 270 0.16 0.71 
22K 540 310 0.16 0.69 
50 680 350 0.16 0.62 
1OKHSND 540 390 0.132 0.71 
37KHN3A 1014 743 0.12 0.6 
30KHGSA 1750 1360 0.09 0.44 


Mathematical apparatus was applied to derive formulas. When solving nonlinear equations, the MATLAB 
application software package was used. 


Research Results 


Characteristics of damage from stress concentrators in welded joints. Since early 2000s, stress concentrations in 


welded joints and structures have been studied in relation to industrial tasks [2—3, 5—9]. 


Figure 1 shows examples of destruction of welded joints due to stress concentration. 


Saat 


a) b) 


' Sergeev NN, Sergeev AN. Mekhanicheskie svoistva i vnutrennee trenie vysokoprochnykh stalei v korrozionnykh sredakh. Vologda: Infra- 
Inzheneriya; 2020. 431 p. (In Russ.) 
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Fig. 1. Destruction of cross and butt joints” from stress concentrators: 


a, f— from the incomplete fusion zone, square butt joint; b — from undercutting, V-weld; c — from a sharp transition in the fusion 


zone; d — undercut; e — from the concentrator formed by a step transition at the edge junction [10] 


The destruction of cross joints with large non-fusion of the edges (indicated by arrows in Fig. 1a) is possible under 
the following loads: 

— static (as a result of embrittlement of the fusion zone); 

— cyclic (cause cracking at the tops of the concentrator). 

In [5], the stress distribution for butt, corner, cross joints and intermittent connections of ship structures is analyzed. 
In butt and cross welded joints, the area of the base metal adjacent to the weld is of particular importance. This is the 
weakest cross-section that determines the strength of the joint at variable stresses. It should be noted that the welds are 
always quite long compared to the thickness of the metal and the stress concentrator (undercut in the butt or cross joint). 
This prevents a shift in the area of the concentrator and creates a biaxial, and more often a multiaxial stress 
state [11, 12]. When considering the destruction of welds with concentrators (see Fig. 1 a, e, f), we take into account the 
concept of the occurrence of plastic deformation in the top region [5, 7]. In addition, it should be noted that the 
concentrators are adjacent to the fusion zone, which, after welding, experiences longitudinal residual tensile stresses. 
They affect the degree of rigidity of the stress state in the concentrator focus [1, 13-14]. All this prevents the passage 
of shear in the concentrator focus and can contribute to the occurrence of a minimal brittle macrocrack with a high 
theoretical stress concentration factor a, even from static load. 

In [9], indicative failures from welded defects in large-diameter pipelines are described. It is established that with 
long-term operation (more than 20 years), fatigue cracks appear in the undercuts of longitudinal welded pipe joints. 
Cracks in undercuts in the fusion zone, as a rule, branch out and spread in two directions (fig. 2): one moves away from 


the fusion zone, the other develops along the fusion zone (along the weld). This indicates a strong impact of the 


* Molokov KA, Novikov VV, Turmov GP. Osnovy raschetnogo proektirovaniya svarnykh konstruktsii. Vladivostok, 2019. T. 1. 204 p. (In Russ.) 
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mechanical, structural characteristics of the material’and mechanochemical heterogeneity on the propagation of initial 


destruction [13, 14]. On the other hand, the crack branching can complicate the process of further destruction and the 


transition of the crack into the main one. 


Fig. 2. Destruction in the pipe welded joint from the stress concentration in the fusion zone. Steel 14HGS. Single arrow shows 
fatigue cracks; double arrow — pipe burst edge; strokes — weld outlines. Here, b — weld width; h — weld height; 


5 — weldment thickness; y — angle of transition from base metal to weld [9] 
The theoretical stress concentration factor in the fusion zone can be determined from the formula that takes into 
account the concentration effect of a non-melting transition in this zone [5]: 
2 
a, =14+11h CMY ** (h/in(90°/7), (1) 
where y = A[90 exp(—p/po) + B] — angle of transition from base metal to weld; p — radius of transition from base 
metal to weld; pp = 1mm; A = 0.94...0.17; B = 0.8; b — weld width; h — weld height; 6 — weldment thickness 
(fig. 2). 
However, this dependence does not take into account the changed mechanical characteristics of the material. In 
these zones, hardening structures are usually present, whose mechanical characteristics can differ significantly (up to 30 


%) from the characteristics of the weld and the base metal. 
It is possible to indirectly control crack formation and the stress state in the region of the top of the stress 
concentrator through the concentration factor of their intensity. Accordingly, when a sample fails due to fatigue, one 


macrocrack is formed at the concentrator top, and in a corrosive medium — a group (fig. 3). 


) b) 


a 


Fig. 3. Fatigue failure of steel 45 from a V-shaped stress concentrator: a — in air; 


b — in water — in a corrosive environment. An increase of 134 times* 
After the formation of a group of macrocracks (fig. 3 b), the role of the macro-concentrator decreases, and further 


development of destruction can be suspended or inhibited. This was validated by experiments that indicated an increase 


> Molokov KA. Otsenka povrezhdennosti ferrito-perlitnykh stalei v usloviyakh malotsiklovogo nagruzheniya. In: Proc. Conf. “Nauka. Innovatsii. 
Tekhnika i tekhnologii: problemy, dostizheniya i perspektivy”. URL: https://elibrary.ru/item.asp?id=2375224 1 &selid=46181945 (accessed: 


31.10.2022). (In Russ.) 
4 Molokov KA. Otsenka povrezhdennosti ferrito-perlitnykh stalei v usloviyakh malotsiklovogo nagruzheniya. 
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in fatigue strength in samples with stress concentration in a corrosive environment”. Such a group of cracks loosens the 
material, changes the stress state above and below the surface at the top of the macro-concentrator, which prevents the 
formation of a leading crack that can develop further at a lower level of cyclic loads. 

Consider the situation on the surface or in the thickness of metal in massive bodies under stresses 0, at infinity in a 
plane-stressed state. In this case, it is reasonable to use the Kolosov and Inglis’s solution for an elliptical shape 
concentrator: 

Op = ATES 142 a/p, (2) 
where P 4 Oma, — radius of curvature and maximum component of stresses on the surface, respectively, at the top of 
the notch; a — semi-major axis, or half of the longest area perpendicular to the direction of the external load field. 

Dependence (2) is well consistent with engineering practice. In accordance with the accepted concept, the 
theoretical stress concentration factor at the notch is determined by the depth of the notch and the contour curvature 
radius at its top, but does not depend on the shape of the contour. 

Due to the development of information technologies, the evaluation of the theoretical stress concentration factor 
presents no great difficulty. The results of calculations of stress and strain concentrations in elastic and elastoplastic 
formulation of the problem can be obtained through the CAE finite element analysis [16—18, 12]. 

The experiments showed that at a certain stress concentration, external static load, and elastic-plastic stage of the 
material, an initial fracture crack appeared at the concentrator top at a certain distance from the surface. It rapidly 
propagated to an axis perpendicular to the direction of tension of the notched plates. The propagation is visible in the 
pictures (fig. 4). The process was fixed in the plates under a plane stress state and under a plane deformation. In the 
latter case, the appearance of a crack in the thickness of the metal under the surface was detected using an ultrasonic 


flaw detector. 


a) b) c) d) 


Fig. 4. Initiation of a subsurface crack at the top of the concentrator under static tension: a — macrocrack initiation; b, c — size 


increase in depth and towards the surface; d — crack exit to the surface [19] 


Thus, under the given conditions and a sufficiently acute stress concentrator, a zone of a multiaxial stress state was 
formed, in which the continuity violation was possible. There would be a higher level of the onset of fluidity, and the 
tensile strength in a weakened place due to the concentrator could increase to 20-60 % (it depends on the material) [11]. 

Stress concentration and stress state conditions. Consider rather sharp stress concentrators with theoretical 
concentration factor a, = 5...14 and more. As a rule, the defects mentioned above act as such concentrators. At the 
top of the concentrator, the stress state can be considered the same as in plane deformation. In [18], the results of the 
analytical solution and experimental data for sharp concentrators under plane deformation were presented, the region of 
admissible values [a,] and the radius at the top [p] for steel 09G2S were established. However, the impact of its 
mechanical characteristics was not described. Moreover, it is not clear whether the analytical solutions are based on 
such initial parameters of 09G2S as the hardening coefficient m, yield strength 692, ultimate strength og, critical 
fracture narrowing @,, etc. It is known that ductility and strength affect significantly the level of allowable stress 
concentration and the occurrence of brittle fracture at the top. 


For hardening materials, cyclic stresses at the top of an acute concentrator aggravate the possibility of brittle 


> Sergeev NN, Sergeev AN. Mekhanicheskie svoistva i vnutrennee trenie vysokoprochnykh stalei v korrozionnykh sredakh. Vologda: Infra- 
Inzheneriya; 2020. 432 p. (In Russ.) 
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fracture, therefore, we will take such ay as a hazard criterion, at which brittle fracture is likely to occur under static load 
conditions. The increase in maximum stresses depending on the number of loading cycles N is given by the 
approximating formula: 


Omax = Omax + A ‘lg(N), (3) 
where Oinax —- Maximum stress in the concentrator in the first half cycle; A —coefficient depending on the level of 


initial deformation and the asymmetry coefficient of the loading cycle at the top of the concentrator. 

We accept the obvious assumption that the appearance of brittle fracture may be due to the following reasons: 

— an increase in the intensity of three-dimensional stretching in close proximity to the top of the concentrator; 

— an increase in the resistance to plastic deformation of the material near the top as a consequence of shear resistance 
in acute stress concentrators. 

The latter circumstance turns out to be the stronger the higher the loading speed and the sharper the stress 
concentrator. 

Consider the elastic-plastic plane stress at the top of the concentrator and the elastic state in the gross section: 
Omax = ApOy > 09.2, Oy © O92 and Oy < 0g. Here, 69. — conditional yield strength of the material under uniaxial 
tension. At a, = 7.3, stiffness of the stressed state is close to the state for a crack. Safety coefficient m;,4p for a crack- 
like defect with a plane deformation differs slightly (within 10 %) from 77f,p for a crack, i.e., for a state where there is 


an approximate equality Mpapn ~ Mpap: 


1-(60/or )?/ap-V1-(60.2/nr/oo)* 1-(69.2/nr/o0)? 
1-(6onp/or)2/a%l1—(69.2/00)2 ¥1-(60.2/60) * 


Here, n; — yield strength margin coefficient, og — local strength of the material at the top of the crack or sharp 


(4) 


concentrator. 

In [11], the term “local yield strength” is applied to acute stress concentrators when the area of the concentrator 
adjacent to the top, experiences a complex stress state (CSS). Obviously, this term denotes the material flow stress on 
the concentrator circuit. There is plane stress state on the surface at its top, and a triaxial CSS appears under the surface. 
There, stiffness of the stress state increases sharply, therefore, the initial destruction of continuity is formed at some 
distance from the surface (fig. 4). It is established that the onset of local fluidity in the stress concentrator zone does not 
coincide with the level determined by the calculations based on strength criteria, particularly, according to von Mises— 
Huber—Hencky. As the stress concentration increases, the difference increases between: 

— yield strength 69 2, theoretically calculated according to this criterion; 

— experimentally determined stress value of the local flow of material 05. in the region adjacent to the top of the 
concentrator. 

The results of experiments on plane samples of various steels and alloys [11, 16] show that ratio 06./09.2 is well 
approximated by linear dependence on ar. Then, the yield condition can be written as: 


0; = 092(0.9 + 0.1a,), (5) 
where o; — von Mises stress intensity. 


The authors limited their experimental studies to values a; = 10, and the tests were carried out only on plane 
samples with centrally located concentrators. In case of plane deformation, stiffness of the stressed state turns out to be 
slightly higher. Therefore, it is logical to assume that fluidity at some values a; would occur no earlier than at the 
plane stressed state. And it is likely that the slope of the straight line according to equation (5) could be somewhat 
different [11]. However, we focus on this dependence. 

For the moment of the beginning of yield, assume that with the transition from elastic deformations to elastoplastic, 


the ratio of the second and third main stresses to the first 06; = Omax does not change. This has been proven 
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experimentally. 

We equate to (5), the intensity of the stresses of the beginning of von Mises yield according to the fourth (energy) 
theory of strength, and introduce the coefficients of the relationship between the main stresses under plane deformation: 
0, = 0;/D; 02 = qo,; 03 = Ur (14+ q)o, [15]. Here, nu; = 0.5 — Poisson's ratio in the plastic region, and D — 
overvoltage coefficient, which takes into account the increase in the first main voltage in the case of CSS. The equation 
obtained with respect to q has two solutions. The first is for tensile 0. component, the second — for the compressive 
one. Tensile component o, increases stiffness of the stress state in the case of CSS. After transformations and 


compressions, we can express it like this: 


q=1-S2(14+2), (6) 

For the limiting case 0, = 69 2, it is possible to neglect the change in the radius at the top of the concentrator and 
the onset of some initial global fluidity for the net cross section. Then, the only value a, satisfying the stiffness of the 
stress state equivalent to the crack is 7.33. This validates approximate equality (4) obtained earlier. For other values, as 
can be seen from (6), proportionality q will vary depending on value ar and oy. 

For a crack, coefficient D is determined from the equilibrium condition in the elastoplastic region and is calculated 
for plane deformation from the formula: 

d= me (7) 
where m — power hardening coefficient; 1 — Poisson's ratio in the elastic region. 

For ferritic-pearlitic steels, this coefficient takes values from 0.22 to 0.26. 

Multiplier before D in formula q = 1 — 2D/V3 for a crack is 1.156, and q for ferrite-pearlite steels is 0.73. Indeed, 
when substituting a7 = 7.3 (6) for og = 092, we get q = 0.73. Next, we find a7, if 092/04 > 1, at which the same 
stress state is realized as at ar = 7.3 and 6092/0, —> 1. 

In [20], the impact of a7 on the effective stress concentration coefficient K, is investigated, and for a typical 
aluminum alloy, it is shown that, in the range a; from 7 to 13, global extremum of the value K, is observed. It is quite 
probable that such a significant maximum value may indicate brittle fracture at the initial stages of cyclic loading or 
discontinuity at the top of the concentrator. In this case, the resource will depend only on the further ability of the 
material to prevent the propagation of macrocracks. 

Model of critical state at the top of an acute macro-stress concentrator. Almost all defects in the welded 
connection of pipelines, hull ship structures, etc., create a stress concentration. An analytical model developed on the 
basis of the concept of “local stress concentration factor” is presented in [9]. In addition, a simple dependence was 
obtained based on the Neuber formula linking the theoretical generalized concentration factor and the concentration 
factors of the intensity of elastic stresses and deformations. As a result, for the critical value of plasticity in the 


concentrator focus, the following dependence was obtained: 


opar!/ tm) 


Eo = (8) 
where a, — critical value of the theoretical stress Seen factor; og — modulus of rupture; EF — modulus of 
elasticity; m — exponent of power hardening. 

Dependence (8) gives such high values that are rarely found in practice. For example, with critical logarithmic 
deformation for steel 50, the critical concentration factor is 26, and for high-strength steel 37KHN3A with 
Op = 1.014 MPa — more than 18. It can be concluded that such plasticity is unattainable until continuity is broken in 
the first loading cycles. This is not surprising, since it is known that the maximum plasticity value for samples with 


stress concentrators is significantly lower than for samples without stress concentration. In addition, €, should be 


determined not only by the properties of the material, but also by the conditions for the development of plastic 
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deformation before destruction. Similar results are given by the dependence used in [9]: 


Eve ‘oO 

pasp’Cpasp 9 
a 9) 
S.A. Kurkin used it for a comparative assessment of the material sensitivity to stress concentration. Here, ar 


ar = 


characterizes the concentrator in which the crack occurs at specific load o,,. Next, we will use the concept of “the most 
probable initiation of a macrocrack in the concentrator” (born crack) «8° for this case. The true deformation and stress 
at the moment of occurrence of the discontinuity at the top of the concentrator are denoted respectively by 
Epasp ANd Opasp- They can be determined from the generally accepted formulas Eas) = Exp = In{1/(1 — ~,)] and 
Opasp = Sorp = On(1 + 1.4¢,). Here, Son) — true stresses of destruction at uniaxial stress state. Note that the fluidity in 
the concentrator occurs according to (5). Replace oy = 692 and 092 with 092. As a result, we obtain for the critical 


states (a; = 8°) relative stresses of the nucleation of destruction 62°/o9.2 from the concentrator: 


ob — Vv E-€pasp’Opasp (10) 


Son a2©(0.9+0.102°)o9 2° 
Note that for a very small radius of the concentrator top (p < 10d,, where d, — average grain diameter), crack 


propagation is limited at constant a7. As shown in [6], it depends on d, of steel. Formulas (8) and (9) are attractive to 
an engineer because they provide comparing the material sensitivity to stress concentration and using the initial data of 
the mechanical characteristics of steel. 

We can get a slightly different model that takes into account the CSS in the area of the top of the macro- 
concentrator. The author [12] uses the strength criterion of brittle fracture in the structural material 0; > Sorp, where 
Sorp — Stress of normal fracture in the approximation to a uniaxial stress state. Significantly, this characteristic of the 
material does not depend on the temperature of its test. We use this criterion in a slightly different way — for the 
moment of occurrence of a discontinuity in the area of the top of the stress concentrator. Suppose that S,., is achievable 
in the case of constant energy equality at CSS and uniaxial stress state, i.e., with loss of plastic stability and transition 
from a volumetric stress state (when 0; is small) to a uniaxial stress state with an inevitable increase in deformations. 

We use power approximation of the deformation diagram within the framework of the deformation theory of 


plasticity. We equate true stresses 0; of the deformation diagram in the elastic solution function of the problem m 


Oo; = F(o”) to Sorp. AS a result, we get: 


matt 1 wy)? 
5,= fom (0) = Soup = op (1 + 1.49%), (11) 
where o” ) __ uniaxial stresses in the elastic solution to the problem. 
Writing (11) with respect to o” - we obtain an expression for the elastic solution to the stress concentration problem 
on the other hand: a” = Ar * Oy. Thus: 
a41 
m 
Op: Oy = eer (12) 
m 


Here, 06, — nominal workload on the welded joint. In hard points of welded structures, joints or under overloads, it 
can reach the value of the yield strength of the material. Let us imagine a special case under conditions of cyclic loading 
with hardening of the material for the moment of formation of the born crack discontinuity — failure initiation. After 


transformations (12), we write down a simplified formula: 
1+m 
abe = [eee re (13) 


90.2 
where «2° — value of the theoretical stress concentration factor at which the nucleation of destruction occurs in the 


region of the top of the macro-concentrator; 09.2 — yield strength of the material at the top of the concentrator, which 


can be increased according to (5) in the case of CSS. 
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At the moment of equality ap = a%°, the nominal stresses must be equivalent to the nucleation (destruction) 
stresses o2°. For this situation (13), we can write in relative values 07/09 and construct the dependences of the 


relative values of the stresses of fracture formation on the theoretical concentration factor a?° = ar: 


-2m 
2-(ap°)"*t .op-(70K+5) 


be 
ar +9 


on = (14) 

Unfortunately, it is not possible to write (14) with respect to a%° at of /o9> = 1. However, a?° can be found 
numerically for specific load 02°, or diagrams of the danger of discontinuities in the form of a macrocrack in the focus 
of the concentrator can be constructed. 

Dependences are analytically obtained for calculating critical theoretical stress concentration factors related to the 
mechanical characteristics of the material and a given external static load under the condition of a volumetric stress 
state for concentrators in welded joints. It is shown that the volume of the stress state in the concentrator focus affects 
significantly the value of the critical theoretical stress concentration factor. It is established that the complex stress state 
in the concentrator focus can be controlled by the geometric characteristics of the concentrator itself and its location 
relative to the external stress field. 

Experimental data of steels (see Table 1) are obtained from literary sources. These are ferrite-perlite materials for 
which formula (14) has shown good agreement. Dependence (14) is attractive because standard mechanical 
characteristics are used as initial data. It can also be used to assess the risk of defects in the fusion zone (fig. 1,fig. 2), 
where hardening structures are formed, whose properties differ significantly from the initial characteristics of the 
welded steel. 

Solutions for (9) and (14) are used more often for the most brittle steels at low nee However, in the area of high 
stress concentration, critical ratios o2°/o 92 for different steels will be very close in values. This can be explained by 
the fact that with the CSS, a stress state similar to a dangerous case is created for all steels in the top region. In the 
region of small stress concentrations, solutions to model (9) show higher critical stress values 02°. Note that the 
average value «3° at o2° © oo is ~8.5. For steels with different mechanical characteristics, it does not change as much 
as according to the calculated results of model (9). 

Figure 5 is constructed to validate the calculation results based on the physical adequacy of model (14). These are 


graphs of critical state dependences 02°/o92 from a°. 
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Fig. 5. Dependences of changes in the relative voltage of the external load 02/09 from aS for the critical state at the top of the 
stress concentrator. Solid curves — formula (14); dotted curves — formula (10) 


Model (9), which does not take into account the volume and increase in yield stresses at the top of the concentrator, 


gives a?° = 91 at stresses 02° = 0.509 for steel 10, which is unlikely. If we take into account the volume in this 
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model, then «8° = 33, which is significantly less. Taking into account the volume of the stressed state, the critical 
plastic deformation is reduced to the occurrence of destruction during static tensile of the samples. This was validated 
by experiments with various steels and alloys®. Moreover, the researchers obtained less ductility of the steels on 
corroded samples. Here, it was shown that a volumetric stress state was created at the tops, and the volume prevented 
the free flow of plasticity. The plasticity before the destruction of these samples was 40 %, and the yield strength 
increased to 27 % [21]. It can be concluded that deeper concentrators cause a greater increase in the yield strength. The 
results of indirect experiments allowed us to assert that under hydrostatic load, the fluidity is not fixed, in this case the 
material only embrittles. However, in the focus of the concentrator, with an increase in the external load, the volumetric 
stress state cannot remain stable enough for the development of a higher volume level. Therefore, bifurcation is 
inevitable. Further, the development can go in two directions: 

— fragile destruction or its beginnings in the focus; 

— loss of stability of the stress state and, as a consequence, the transition to a sharp increase in plastic deformations. 

Probably, the moment of bifurcation should be considered a critical state in the focus of the concentrator. Perhaps, 
this moment depends significantly on the depth of the concentrator, its relative length and depth to the thickness of the 
part, orientation to the external stress field, as well as on the mechanical characteristics and extent of the concentrator 
focus. All this requires additional research and more precise solutions. 

Discussion and Conclusions. Defects and design features of welded joints (weld groove geometry, incomplete 
penetration, undercuts, pores, hardening structures, etc.) reduce static and fatigue strength. Stress concentrators are 
typical for welded joints, having a long and shallow shape relative to the thickness of the parts being connected 
(undercuts) or long and deep (incomplete penetration, etc.). All of them reduce fatigue strength. The analytical models 
obtained in the presented work allowed us to draw a number of conclusions. 

1. The operation of the material at high values of the theoretical stress concentration factor depends on the stress 
state and its rigidity, as well as on mechanical and structural characteristics. The latter may differ from the parameters 
of the source material, since the tops of the concentrators may be located in the fusion zones of welded joints. 

2. A rigid stress state in the stress concentrator focus can cause an increase in the yield strength. In this case, the 
passage of shear deformation is restrained, and the onset of the limiting state is achieved at a lower value of the 
theoretical stress concentration factor and is characterized by discontinuity at a constant value of the external load. 

3. Comparison of high-strength steels with ductile and ordinary strength steels at the same level o7°/o 2 . In the 
second case, the formation of the volume of the stress state will have a more significant effect on the change in the 
critical value of the theoretical stress concentration factor, at which the nucleation of destruction occurs in the region of 
the top of the macro-concentrator «° (fig. 5). 


4. Comparison of models (14) and (10) allows us to draw a certain conclusion. Taking into account the rigidity of 
the stress state and the increase in the yield strength at o2°/o)> > 1 from below, (10) gives estimate a° with a 


margin of safety, if we are talking about 02/092 = 0.8 (30KHGSA). For less durable steel (14), the margin of strength 
at 02/69 2 = 0.5 (37KHN3A), etc. Thus, it is preferable to take into account the volume and use model (14). 


5. The dependences on the diagram of the theoretical stress factors are more densely grouped in (14), than in ( 10) 
due to very similar stress states in the region of the tops of acute stress concentrators. Therefore, the mechanical 
characteristics of steels have a secondary effect on a°. 

6. With an increase in the theoretical stress concentration factor and a decrease in «2° at the same level 02° /o9> of 
the external load, the influence of the structural factor in steel on the occurrence of initial destruction (formation of 
discontinuity) reduces. However, for further destruction, the resistance of the material to macrocrack growth is 
essential. After its occurrence, other criteria of mechanics and kinetics of destruction are triggered. 

The presented study can serve as a prerequisite for the development of analytical models to assess the residual life of 
welded joints and structures exposed to cyclic loads. Further research will presumably refine the analytical models. The 
authors will check and test the results through CAE modeling and proceed to the evaluation of effective stress 


concentration factors. 
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